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Early embryonic stages differ signiﬁcantly among related animal taxa while subsequent development
converges at the conserved phylotypic stage before again diverging. Although this phenomenon has long
been observed, its underlying genetic mechanisms remain enigmatic. The dipteran Drosophila melanogaster
develops as a long germ embryo where the head anlagen form a cap at the anterior pole of the blastoderm.
Consequently, the anterior and terminal maternal systems give crucial input for head patterning. However,
in the short germ beetle Tribolium castaneum, as in most insects, the head anlagen is located at a ventral
position distant from the anterior pole of the blastoderm. In line with these divergent embryonic anlagen,
several differences in the axis formation between the insects have been discovered. We now ask to what
extent patterning and morphogenesis of the anterior median region (AMR) of the head, including
clypeolabral and stomodeal anlagen, differ among these insects. Unexpectedly, we ﬁnd that Tc-huckebein
is not a terminal gap gene and, unlike its Drosophila ortholog, is not involved in Tribolium head
development. Instead, Tc-six3 acts upstream of Tc-crocodile and Tc-cap’n’collar to pattern posterior and
anterior parts of the AMR, respectively. We further ﬁnd that instead of huckebein, Tc-crocodile is required for
stomodeum development by activating Tc-forkhead. Finally, a morphogenetic movement not found in
Drosophila shapes the embryonic head of Tribolium. Apparently, with anterior displacement of the head
anlagen during long germ evolution of Drosophila, the ancestral regulation by the bilaterian anterior control
gene six3 was replaced by the anterior and terminal maternal systems, which were further elaborated by
adding bicoid, tailless and huckebein as anterior regionalization genes.
& 2012 Elsevier Inc. All rights reserved.Introduction
The ﬁrst stages of development differ considerably even between
related taxa as a consequence of adaptation, e.g. to different
developmental speed or the amount of yolk. Subsequently, however,
development converges at a stage where the morphologies of
embryos look alike, even in the case of distant taxa. After this
phylotypic stage, development diverges once more, leading to
distinct adult or larval morphologies (Gould, 1977; Raff, 1996).
However, the genetic changes underlying the diversiﬁcation of early
development have remained incompletely understood. Insects show
a great variety of egg morphologies and blastoderm fate maps
(Sander, 1976) allowing for study of the changes of genetic control
that accompany the diversiﬁcation of early development. The
dipteran Drosophila melanogaster is a long germ insect where all
segments are speciﬁed at the blastoderm stage and where the head
anlagen comprise the anterior cap of the blastoderm (Hartensteinll rights reserved.
uni-goettingen.de
.de (J. Ulrich),
@uni-et al., 1985). In contrast, most insects develop as short germ
embryos, where only the anterior segments are speciﬁed during
the blastoderm stage. Here, the anterior cap of the blastoderm
contributes to extraembryonic tissue while the head anlagen are
located at a ventral posterior position (Roth, 2004; Sander, 1976).
The red ﬂour beetle Tribolium castaneum is a representative of this
insect-typical development and several differences with respect to
genetic control of head patterning have been described. For instance,
the most upstream regulator of Drosophila anterior patterning,
bicoid, is not present in Tribolium (Brown et al., 2001). Instead,
Tc-axin mRNA is maternally localized at the anterior pole and is
required for anterior development (Fu et al., 2012) while transla-
tional repression of Tc-caudal in the head anlagen is performed by
Tc-mex3 (Schoppmeier et al., 2009). Terminal Torso signaling is not
required for Tribolium head development (Schoppmeier and
Schro¨der, 2005) and the role of the head gap genes and other
players has diverged signiﬁcantly (Posnien et al., 2011a; Schinko
et al., 2008) (see Posnien et al., 2010 for extensive review).
However, the genetic circuitries patterning the most anterior
region of the head have not been systematically compared. In
Drosophila, this region comprises the clypeolabral, stomodeal,
foregut and endodermal anlagen (Hartenstein et al., 1985;
Rogers and Kaufman, 1997). The terminal gap genes tailless (tll)
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to regulate the transcription factors crocodile (croc), cap’n’collar
(cnc) and forkhead (fkh) (Bronner et al., 1994; Casanova and
Struhl, 1989; Driever, 1993; Hacker et al., 1992,1995; Ju¨rgens
and Weigel, 1988; Mohler, 1993,1995; Rogers and Kaufman,
1997; Strecker et al., 1986; Weigel et al., 1990). Also six3/optix
is required for the proper formation of labral derivates (Coifﬁer
et al., 2008; Seimiya and Gehring, 2000). At advanced embryonic
stages, expression of croc and cnc is conserved throughout
arthropods (Birkan et al., 2011; Economou and Telford, 2009;
Janssen et al., 2011) and in Oncopeltus, both Of-croc and Of-cnc
RNAi lead to labrum defects (Birkan et al., 2011). Hence, late AMR
patterning appeared to be conserved.
In Tribolium, Tc-six3, Tc-crocodile (Tc-croc), Tc-capncollar
(Tc-cnc), Tc-scarecrow (Tc-scro), and Tc-forkhead (Tc-fkh) are
expressed rather speciﬁcally in a region between the lateral
neuroectodermal bands containing the labral, stomodeal and
probably also the stomatogastric nervous system and the endo-
dermal anlagen. Due to the speciﬁc set of genes, which are
expressed in that region but not in each segment (see below) or
in the lateral neuroectoderm, we call this region ‘‘anterior median
region’’ of the embryonic head (AMR) (Economou and Telford,
2009; Posnien et al., 2009, 2011b; Schro¨der et al., 2000). Indeed,
large parts of the AMR including the labrum are deleted after
knockdown of Tc-six3 (Posnien et al., 2009, 2011b) but Tc-tll RNAi
does not interfere with AMR development (Posnien et al., 2011b).
For Tc-fkh RNAi, embryonic lethality and mild malformation of the
hindgut have been described (Schoppmeier and Schro¨der, 2005).
Tc-cnc has recently been shown to be required for maxillary
identity (Coulcher and Telford, 2012). Up to now, no functional
data has been available for the other genes and the Tribolium
ortholog of the terminal gap gene huckebein (Tc-hkb) has not been
studied so far.
Here, we study morphogenesis and patterning of the ectoder-
mal parts of the AMR. We ﬁnd that Tc-huckebein is not a terminal
gap gene and does not contribute to AMR patterning. Instead,
Tc-six3 acts upstream of Tc-croc and Tc-cnc,which are required for
the formation of posterior and anterior parts of the AMR,
respectively. Further, Tc-croc rather Tc-hkb acts upstream of
Tc-fkh in stomodeum development, and we ﬁnd that AMR
morphogenesis involves a median back-folding of tissues, which
has not been described in Drosophila. From our data we conclude
that during the evolution of long germ embryogenesis, the
Drosophila head anlagen moved to the anterior pole where they
acquired regulatory input by the anterior and terminal systems,
while the ancestral upstream regulator six3 lost importance.
Furthermore, the Drosophila terminal system was expanded by
coopting tailless and huckebein for terminal patterning. The latter
acquired control over forkhead expression in stomodeum repla-
cing the putative ancestral regulator crocodile.Materials and methods
Strains
The San Bernadino strain was used for all experiments.
RNA interference (RNAi)
Pupal RNAi (Tc-croc,Tc-hkb,Tc-lab,Tc-scro,Tc-six3,Tc-tll) was
performed according to the established protocols (Posnien et al.,
2009) and knockdown was conﬁrmed by in situ hybridization of
the knocked down gene (not shown). Adult RNAi was necessary
for Tc-cnc because of the sterility induced upon pupal RNAi.
Embryonic RNAi of 12 h old embryos (32 1C) was used for Tc-fkhdue to early embryonic lethality after pupal, adult and early
embryonic RNAi. For dsRNA synthesis, the Ambions MEGA-
scripts T7 kit (Life Technologies Ltd, Paisley, UK) was used. Two
non-overlapping fragments were injected for each gene except
Tc-hkb, where no defects were found. The following dsRNA
fragments were synthesized: Tc-cnc (NCBI Reference Sequence:
NM_001170642.1): bp1279–1599 and bp 1646–1975; Tc-croc
(NCBI Reference Sequence: XM_001812646.1): bp 8–435 and bp
512–1010; Tc-scro (NCBI Reference Sequence: XM_968702.2) bp
103–474 and bp 551–852; Tc-six3 (NCBI Reference Sequence:
NM_001113467.1): bp 1–642 and bp 653–1377; Tc-tll (GenBank:
AF219117.1) bp 53–702 and bp754–1521; Tc-fkh (NCBI Reference
Sequence: NM_001039414.2) bp 430–1163 and bp 1214–2035;
Tc-hkb (NCBI Reference Sequence: XM_001807403.1) bp 236–
815.Concentration of injected dsRNAs was 1–4.3 mg/ml. Cuticles
were prepared and analyzed as described (Schinko et al., 2008)
using a Zeiss Axioplan 2 microscope. To visualize selected
cuticles, projections of stacks taken at a Zeiss LSM 510 using a
488 nm laser and a 505 nm longpass ﬁlter were generated.
Histology
In situ hybridizations were performed as described (Schinko
et al., 2009). Embryos (0–72 h at 32 1C) were stained with 1 mg/ml
Hoechst 33342 and 1 mg/ml FMs 1–43 (Molecular Probes by Life
Technologies Ltd, Paisley, UK) in PBST for 1 h. The yolk was
removed and the embryos were embedded in 70% glycerol,
0.5PBST, 50 mM Tris-HCl (pH¼9.5), 10 mg/ml propyl gallate
and 0.5 mg/ml p-phylodenediamine. Analysis and imaging were
performed using a Zeiss LSM 510 using a 488 nm laser and a 505–
550 nm bandpass ﬁlter. Terminal deoxynucleotidyltransferase
UTP nick end labeling (TUNEL) was performed as described.
Mitotic cells were stained using 0.5 mg/ml anti-phosphohistone
H3 (Ser10) polyclonal antibody (Millipore, Temecula, USA) as
primary antibody and DyLight
TM
488-conjugated AfﬁniPure Don-
key Anti-Rabbit IgG (HþL) (Jackson ImmunoResearch Labora-
tories Inc, West Grove, PA, USA) as secondary antibody.
Quantiﬁcation of cell death and division
Cells were counted in prepared and ﬂattened embryos (see
supplementary material Fig. S1). Dying cells were counted manu-
ally, mitotic cells were counted using Fiji (http://ﬁji.sc) (Walter
et al., 2010). Student’s t-test was applied to test for signiﬁcance.Results
Intervention of the clypeolabral region between the head lobes during
germ band elongation
Considering the different morphogenetic movements involved in
head development (Posnien et al., 2010), we ﬁrst studied the
morphogenesis of the AMR anlagen. In advanced Tribolium germ
band embryos, the wedge-shaped AMR anlagen are located between
the head lobes (Posnien et al., 2009) separating the neuroectodermal
bands (Fig. 1C and F) (Bucher and Klingler, 2005; Wheeler et al.,
2003, 2005). As a consequence the neuroectoderm forms a ‘‘Y’’,
which is also reﬂected in the expression of segment polarity and
other segmentally expressed genes, the stripes of which are twisted
outwards by 451 in the procephalic head (shown for Tc-empty
spiracles (Tc-ems) and Tc-wingless (Tc-wg) in Fig. 1D–F, J, and K)
(Farzana and Brown, 2008; Posnien and Bucher, 2010, 2011b).
By analyzing the expression of the neural marker Tc-sox21b,
we asked when this wedge shape of the AMR arises. In germ
rudiments, two parallel bands of expression run along the midline
Fig. 2. Back-folding of anterior median tissue contributes to AMR formation. Confocal
stacks of embryos stained with a nuclear (blue) and a membrane marker (red) are
shown as projection (A-E) and superﬁcial (A0–E0) and more internal optical sections
(B00–D00). (A) In germ rudiments, the extraembryonic tissues start to fold over the
embryo (black arrows mark anterior and posterior boundary of closing serosa
window). Upon delamination of the mesoderm, the lateral ectodermal bands join
medially in the posterior (lower black arrow in A) but not in the anterior. The
ectodermal bands are still parallel to the body axis (see white arrows in A0). At the
anterior rim, the extraembryonic tissue remains in contact with the delaminating
cells (white arrowhead in A0). (B) During early elongation, the serosa window closes
(see black arrows in B). At the same time, the anterior rim of the embryo folds back
(white arrowhead; subsequently referred to as ‘‘anterior fold’’), which separates the
lateral ectodermal bands (see white arrows in B0). After this back-folding, the anterior
fold encloses delaminated mesenchymal cells (white asterisk in Fig. B:00). (C,D) The
lateral portions of the anterior fold eventually contact each other (arrowhead in C)
and fuse (D). The separate labral anlagen arise from the stems of the anterior fold.
(E) In fully elongated embryos, the stomodeum arises in the region of the posterior
turn. We do not see a separation of both ectodermal halve sides in more interior
sections of late embryos (E0;) indicating that the apposed epithelia have fused. (F–H)
Schematic of the described movement. The expression of Tc-hh and other genes
follows the tissue movements being expressed at the anterior rim initially but ending
up in the stomodeal region (yellow oval in F–H) (Farzana and Brown, 2008). Gray
balls indicate mesenchymal cells which are enclosed by the anterior fold.
Fig. 1. The clypeolabral region (AMR) arises during elongation. (A–C) Embryos
stained for Tc-sox21b as marker for neuroectoderm. In germ rudiments, staining in
the head anlagen is found in two stripes parallel to the body axis (arrows in A).
During elongation, these stripes are turned outwards in the anterior head (arrows
in B) while they remain parallel in the trunk, virtually forming a Y. In the
intervening tissue, the labral buds (black asterisks in C) and the stomodeum
(white asterisk in C) arise. (D–F) The development of the Y is also visible using
Tc-spitz as marker for midline cells. The two parallel stripes in germ rudiments
(D) fuse after delamination of the mesoderm (black arrowhead in E) while the
anterior aspects remain separate and turn outwards (E,F). Also segmentally
expressed genes such as Tc-ems (D–F) or Tc-hh and Tc-wg (J) reﬂect the outward
turning. Apparently, the two bands of embryonic ectoderm fuse at the ventral
midline in the trunk but remain separated in the head by the AMR. (G–I) Tc-sim
expression marks the ventral midline cells. While the stripes of both halve sides
reach the anterior rim of the germ band in early stages (G), the fused stripes (black
arrowhead in H) terminate posterior to the stomodeum at later stages (H,I). (K,L)
Partial removal of the AMR by Tc-six3 RNAi leads to loss of labrum and
stomodeum anlagen and the head lobes do not turn outwards (note lack of
prominent head lobes in L). Consequently, the anterior Tc-wg stripes become
perpendicular to the body axis like the trunk stripes (compare antennal stripe
marked by black arrow in K and L; mandibular stripes marked by white arrows).
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(Fig. 1B, C) suggesting that the wedge shape of the AMR develops
during elongation. This ﬁnding was conﬁrmed by analyzing the
expression of the median markers Tc-spitz (Fig. 1D–F) and Tc-
gremlin (not shown). The AMR is located between the neuroecto-
dermal bands. In the Drosophila trunk, these are separated by
midline cells, which are marked by single-minded (sim) expression
(Crews et al., 1988; Nambu et al., 1990). Therefore, we asked
whether the AMR had midline identity by staining for Tc-sim. The
S. Kittelmann et al. / Developmental Biology 374 (2013) 174–184 177latter is expressed in two parallel bands along the involuting
mesoderm (Fig. 1G), which later fuse (Fig. 1H). Strikingly, the
anterior end of the Tc-sim stripe becomes subterminal, ending
posterior to the stomodeum anlagen (Fig. 1H, I). Apparently, the
AMR does not have midline identity and the procephalic parts of
the neuroectoderm are not separated by Tc-sim-positive cells. We
conclude that unlike the process observed in Drosophila, the
Tribolium AMR develops during elongation stages and intervenes
between the procephalic neuroectodermal bands.Fig. 3. Tc-cap’n’collar is required for labrum development. (A,B) In wildtype, the labrum
labrum is deleted (B). Moreover, the mandibles are transformed to maxillae (compare tw
marked with arrow in A). (C–F) Tc-wg staining in RNAi embryos reveals that the labral
stomodeal domain is unchanged (arrows in E and F). (G–J) The median aspect of Tc-s
Anterior aspects of Tc-croc expression are reduced. (M, N) The labral aspect of Tc-chx ex
reduced in Tc-cnc RNAi embryos visualized by the reduced distance of the Tc-tll expreFormation of the AMR by cell movements
In order to distinguish whether the AMR arises by enhanced
cell division or by tissue movements, we quantiﬁed cell division.
Having found no medially enhanced cell division (n¼24; not
shown) in elongating germ band stages, we proceeded to stain
precisely staged embryos with the membrane marker FM 1–43
to follow AMR morphogenesis (Fig. 2). In germ rudiments, the
mesoderm invaginates (region between arrows in Fig. 2A) whileis located between the antennae (shaded in yellow in A). Upon Tc-cnc RNAi, the
o maxillary palps marked by arrowheads in A with four palps in B; one mandible is
Tc-wg domains are missing (compare arrowheads in D with C and F with E). The
ix3 expression is reduced (arrowheads) while other aspects are not altered. (K,L)
pression is missing in Tc-cnc RNAi embryos (arrowheads). (O–R) The AMR tissue is
ssion domains marking lateral head neuroectoderm.
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rim, the mesoderm remains in contact with the extraembryonic
tissue (arrowhead in Fig. 2A0). During closure of the serosa
window (marked by arrows in Fig. 2A, B), the anterior median
part of the germband (arrowhead in Fig. 2B0) folds back relative to
the lateral head lobes, which project outwards (compare white
arrows in Fig. 2B0 with 2A0). The lateral parts of this ‘‘anterior head
fold’’ approach each other at later stages (arrowhead in Fig. 2C0)
and eventually close, thereby forming a line. The posterior turn of
the fold appears to mark the position of the future stomodeum
(arrowheads in Fig. 2E/E0). Apparently, by way of these morpho-
genetic movements, anterior median cells of the germ rudiment
become subterminal in later embryos (oval expression domain in
Fig. 2F–H). This is conﬁrmed by the expression of Tc-hedgehog
(Tc-hh), Tc-mirr, Tc-fgf8, Tc-croc, Tc-cnc and Tc-scarecrow (Tc-scro),
all of which start to be expressed at the anterior rim of the germ
rudiment but are eventually expressed subterminally, close to the
stomodeum (see supplementary material Fig. S2 and (Beermann
and Schroder, 2008; Farzana and Brown, 2008; Posnien et al.,
2011b)). Tc-sim expression retracts to become subterminal during
the process (Fig. 1G–I). The outward-pushing of the lateral
ectodermal bands explains how the antennal and ocular segment
polarity stripes become separated medially and acquire their
characteristic angle of 451 with respect to the body axis (see
Tc-wg in Fig. 1J–L and Tc-hh and Tc-engrailed in (Brown et al.,
1994; Farzana and Brown, 2008)).
Tc-cap’n’collar required for the formation of the anterior AMR
In order to identify upstream components of AMR patterning,
we compared the expression of genes known to be active in the
AMR (supplementary material Fig. S2). The ﬁrst gene to be
expressed in the AMR anlagen is Tc-six3, which is known to be
essential for anterior median patterning (Posnien et al., 2009,
2011b; Steinmetz et al., 2010). Based on their early onset of
expression, we assumed that Tc-croc and Tc-cnc (Economou andFig. 4. Tc-crocodile is required for stomodeum development and proper positioning of t
Tc-croc leads to a misplacement of the labrum to the dorsal side of the head (compa
(compare arrow in A with B). In weak phenotypes, the displacement of the labrum is le
(B,E) while it may also be reduced in size or misshapen (C). Sometimes, antennae are b
larvae develop a normal labrum at the correct position but the foregut is shortened anTelford, 2009) act high in the hierarchy of AMR development and
focused our functional analysis on these genes. Despite early
expression we excluded Tc-scro from further analysis because of
its rather mild RNAi AMR phenotype (split and reduced labrum)
(Posnien et al., 2009, 2011b). Tc-chx (Posnien et al., 2011b) and
Tc-fkh (Schro¨der et al., 2000) are expressed too late to act
upstream in AMR patterning.
By RACE analysis, we identiﬁed two splice variants of Tc-cnc,
which correspond to the Drosophila variants B and C, while a
correlate to the Drosophila A variant was not found (McGinnis
et al., 1998) (supplementary material Fig. S3). In our RNAi
experiments, both variants were knocked down. After Tc-cnc
pupal RNAi, females laid fewer eggs and died precociously.
Dissection revealed reduced fat body and ovaries typical of
starved animals (not shown). Hence, adult RNAi was performed.
This revealed a loss of the labrum and a transformation of
mandibles to maxillae in L1 larvae (85%; n¼101; maxillary palps
marked by arrowheads in Fig. 3A, B). The foregut is often
developed in such phenotypes (66%, n¼86) but can also be absent
(14%) or defective (20%; not shown). The labrum anlagen and the
respective expression domains were deleted in RNAi embryos
while posterior aspects of the AMR appeared unaffected: Labral
Tc-wg expression was absent while stomodeal expression
remained (arrowheads and arrows, respectively, in Fig. 3C–F).
The labral Tc-six3and Tc-chx domains were reduced (arrowheads
in Fig. 3G–J and M, N, respectively) as well as the anterior aspects
of Tc-croc expression (arrowheads in Fig. 3K, L). Other expression
domains of these genes were not affected. Expression of
markers for the stomodeum (Tc-fkh) and the intercalary segment
(Tc-labial) (Nie et al., 2001) remained unchanged (not shown). The
distance between the Tc-tll domains of both head lobes was
reduced in Tc-cnc RNAi embryos, probably due to loss of
AMR tissue (compare bars in Fig. 3O–R). However, this loss is
not due to aberrant anterior head fold formation as no
deviations were detected (not shown). We therefore conclude
that Tc-cnc is required for the labral part of the AMR, this outcomehe labrum. (A,D) Untreated cuticles; lateral and ventral view. (B,C,E) Knockdown of
re arrowhead in B,C,E with A). Also the bristle marking the clypeus is misplaced
ss pronounced (E). In many cases the misplaced labrum has a rather normal shape
ent (arrow in E) and (F) Tc-croc RNAi cuticles lack a stomodeum. Weakly affected
d misshapen (compare arrowheads in F with D).
S. Kittelmann et al. / Developmental Biology 374 (2013) 174–184 179being very similar to results obtained previously in Drosophila
(Mohler et al., 1995).
Tc-crocodile required for the formation of the stomodeum
After Tc-croc pupal RNAi the labrum was displaced to the
dorsal side of the head (50%, n¼80; compare arrowheads in
Fig. 4B with A). In many cases the labrum remained intact but
in some it was reduced in size (arrowhead in Fig. 4C) or
malformed. Analysis of the head bristle pattern (Posnien et al.,
2011b; Schinko et al., 2008) revealed that the anterior vertex seta
was misplaced together with the labrum (arrow in Fig. 4A, B). The
labrum was only slightly misplaced in more weakly affected
larvae (21.25%) and in those cases appeared to be bent upwards
(arrowhead in Fig. 4E). Occasionally, antennae were bent upwards
(15%; arrow in Fig. 4E) while the stomodeum was absent in most
cuticles (97.5%). In mildly affected cuticles with a normal labrum,
the stomodeum could still be shortened and misshapen (compare
arrowhead in Fig. 1F with D). We did not detect developmental
defects in other body regions.
We investigated the genesis of the defects by analyzing the
development of Tc-croc RNAi embryos. Despite its early expres-
sion, Tc-croc RNAi does not affect anterior head fold formation
(not shown). Morphological defects appeared when stomodeum
formation started in elongating germ bands (approximately 10
trunk Tc-wg stripes). The stomodeum failed to invaginate and
stomodeal expression of several genes was reduced: Tc-wg
(arrowheads in Fig. 5A, B), Tc-six3 (arrowheads in Fig. 5C, D),
Tc-scro (arrowheads in Fig. 5E, F), Tc-fkh (arrowheads in Fig. 5G, H)Fig. 5. Tc-croc RNAi affects patterning of the stomodeal region. First and third column:
up. Shown here are the earliest stages in which changes of expression become detecta
(arrowheads). The labrum domains are present but appear to be twisted inwards (arro
RNAi (compare arrowheads). The lateral neurogenic domains are not affected. (E, F) Th
whereas the lateral domains are unaffected (compare arrows). (G, H) The stomodeal dom
in the RNAi embryo is due to overstaining (arrows). (I, J) The posterior expression st
(K, L) The intercalary marker Tc-lab shows ectopic expression at a more anterior positio
the intercalary expression domain (not shown). (M, N) Expression of Tc-tll is expandedand Tc-cnc (arrowheads in Fig. 5I, J, shown are the earliest stages
with clearly aberrant expression). Other expression domains were
not or only slightly affected (e.g. compare arrows in Fig. 5E, F or
G, H). Expression of the intercalary marker Tc-labial was found
ectopically at a more anterior position (arrowhead in Fig. 5K, L)
indicating a partial misspeciﬁcation to intercalary identity. Tc-tll
is normally expressed in neurogenic regions lateral to the AMR
(Schro¨der et al., 2000). Knockdown of Tc-croc led to an expansion
of the Tc-tll domains into the stomodeal region. The labral buds
formed normally in Tc-croc RNAi but appeared to be twisted
inwards (see bent arrows in Fig. 5B).
Aberrant morphogenesis leads to dorsal misplacement of the labrum
In Tc-croc RNAi cuticles, the labrum was misplaced dorsally
but the expression of labral genes appeared largely unaffected.
Hence, we wondered whether the defect in the stomodeal region
would secondarily lead to the labrum phenotype. The ﬁrst visible
defect in embryos was the lack of stomodeum formation (Fig. 6,
compare A, A0 with B, B0) and a decreased distance of the antennal
bases (arrowheads in Fig. 6A, B). Intriguingly, the lateral head
lobes showed unusual tissue bulges pointing towards the missing
stomodeum (arrows in Fig. 6D). The median expansion of Tc-tll in
Tc-croc RNAi embryos indicates that lateral tissues were dis-
placed towards the midline (Fig. 5N). To further test this ﬁnding,
we used Tc-six3 and Tc-chx as markers for the anterior-most
median neuroectodermal parts of the head lobes (de Velasco
et al., 2007; Posnien et al., 2011b). In wildtype, they are expressed
in two bilateral domains which eventually fuse dorsal to theuntreated embryos; second and fourth column: Tc-croc RNAi embryos; anterior is
ble. (A, B) Expression of Tc-wg is lost or severely reduced in the stomodeal region
ws in B). (C, D) The median expression domain of Tc-six3 is reduced after Tc-croc
e median expression domain of Tc-scro is severely reduced (compare arrowheads),
ain of Tc-fkh is severely reduced (compare arrowheads). Stronger ventral staining
ripes of Tc-cnc around the stomodeum are lost after Tc-croc RNAi (arrowheads).
n after Tc-croc RNAi (arrowhead in L). These domains may remain in contact with
towards the stomodeal region after Tc-croc RNAi (arrowheads).
Fig. 6. Aberrant morphogenetic tissue movements lead to dorsal misplacement of the labrum. First and third column: untreated embryos; second and fourth column:
Tc-croc RNAi embryos; anterior is up. (A, B and C–F) Projections of stacks taken from embryos stained with a membrane marker. (A00 , B00) Single planes of the embryos
shown in (A,B). All images are ventral views except for (K) which shows a dorsal view. (A,B) The stomodeum invaginates when the labrum anlagen start budding out. It
fails to invaginate after Tc-croc RNAi (compare boxes in A and B and close ups in A0 and B0). In addition, the entire stomodeal region is reduced in size in Tc-croc RNAi (see
distance of antenna bases indicated by arrowheads in A and B). (A0 ,B0) In the close-ups of the untreated embryo, the stomodeum anlagen (arrow in A’) are enclosed by a
smoothly curved tissue ridge that connects the stomodeal region with the labrum (white line in A0). After Tc-croc RNAi, the stomodeum does not develop and the labral
buds are bulging out aberrantly (white line in B0). Moreover, the bases of the labral buds are closer together (compare arrowheads in A0 and B0). (A00 , B00) In optical sections
the aberrant bulge in Tc-croc RNAi embryos becomes apparent (arrow in B00). (C, D) At later stages, aberrant tissue bulges project from the lateral head lobes into the
stomodeal region (arrows in D). (E, F) In retracting embryos, the ectopic bulges have fused to an abnormally enlarged bridge between the antennal bases (an) and the
labrum (lr), leading to the dorsal displacement of the latter. (G, H) Tc-six3 marks cells, which usually fuse dorsal to the labrum (bent arrow in G) whereas Tc-six3-marked
cells project ventrally in Tc-croc RNAi embryos (bent arrow in H, compare posterior expression boundaries marked by arrowheads in G with H). (I, J) The weak labral Tc-chx
expression domain is lost after Tc-croc RNAi (asterisks). Like Tc-six3, the lateral expression domain of Tc-chx projects more ventrally in Tc-croc RNAi embryos (compare
arrowheads). (K, L) In untreated embryos, the Tc-chx expressing tissue fuses at the midline dorsal to the labrum (arrowhead in K, dorsal view). In Tc-croc RNAi embryos the
respective cells approach each other ventral to the labrum (arrowheads).
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detailed account on the morphogenetic movements in (Posnien
and Bucher, 2010; Posnien et al., 2010)). Strikingly, in Tc-croc
RNAi embryos, the Tc-six3 expression domains remained ventral
to the labrum (Fig. 6G, H; arrowhead points to the ectopic bulge;
bent arrows indicate movement in untreated and Tc-croc RNAi
embryos, respectively). Similarly, the Tc-chx expression shifted to
a region not dorsal to the labrum (see dorsal view of wt in Fig. 6K)
but ventral to it (Fig. 6J), subsequently remaining there (Fig. 6L,
ventral view). Through this aberrant tissue movement, the dis-
tance between the antennae (an) and the labrum (lr) became
enlarged (compare Fig. 6E, F) and the labrum was displaceddorsally (see arrowheads in Fig. 6E, F). These ﬁndings explain
how a largely unaffected labrum is misplaced dorsally in Tc-croc
RNAi cuticles (see Fig. 6M for scheme).
We asked whether cell death or proliferation was altered in
Tc-croc RNAi embryos. We did not ﬁnd enhanced apoptosis in
germ rudiments (supplementary material Fig. S1A, D and G).
During germ band elongation, cell death levels rose in untreated
embryos, where most dying cells belonged to extraembryonic
tissues (black arrowheads in supplementary material Fig. S1B).
After Tc-croc RNAi, cell death was signiﬁcantly increased in
embryonic tissue (white arrowheads in supplementary material
Fig. S1E; t-test: p¼0.002). Most of the dying cells were located in
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which is in line with the observation that apoptotic cells delami-
nate from their epithelia (Rosenblatt et al., 2001). Signiﬁcantly
elevated levels of cell death after Tc-croc knockdown were also
found in retracting germ bands (white arrowheads in supple-
mentary material Fig. S1C, F and G; t-test: p¼0.001). Proliferating
cells were visualized by phosphorylated histone H3 (Hendzel
et al., 1997). No signiﬁcant changes could be detected in elongat-
ing Tc-croc RNAi embryos (n¼24, t-test, not shown). In summary,
the ectopic bulges appeared to arise by aberrant tissue move-
ments rather than enhanced cell proliferation and the loss of the
stomodeum was accompanied by enhanced cell death.
Tc-croc instead of Tc-hkb acts upstream in stomodeum development
In Drosophila, fkh is required for the formation of all gut
primordia (Weigel et al., 1989) and the terminal gap genes tll
and hkb are required for its expression (Weigel et al., 1990). Our
results placed Tc-croc upstream of Tc-fkh (Fig. 5H). First, we tested
whether also Tribolium stomodeum formation requires Tc-fkh
function. By RNAi with non overlapping sequences we were able
to conﬁrm previous reports that Tc-fkh RNAi induced strong
embryonic defects leading to abortion of development prior to
cuticle secretion. Diluted dsRNA had been used before to over-
come this early lethality and had revealed malformation of the
hindgut (Schoppmeier and Schro¨der, 2005). As an alternative
approach to overcoming early lethality, we injected dsRNA in
staged embryos. In 12 h old RNAi embryos about 20% of the
injected eggs indeed developed cuticles. These showed a wide
range of defects but gut defects were prominent (46%) and the
foregut was absent in 13.5%, conﬁrming the conserved role of Tc-
fkh in stomodeum formation. We then analyzed expression of the
terminal gap gene ortholog Tc-hkb and with the unexpected
outcome that it was at no stage active in the blastoderm or in
the AMR. Instead, it was segmentally expressed from elongating
germ band stages onward (supplementary material Fig. S4). RNAi
conﬁrmed that the stomodeum developed normally in Tc-hkb
RNAi embryos and no other cuticle defects were observed (not
shown). We went on to conﬁrm that Tc-tll RNAi does not interfere
with AMR patterning but found that it led to posterior truncations
(not shown). Thus, fkh function in gut development is conserved
between Drosophila and Tribolium but is activated by Tc-croc
rather than Tc-hkb and Tc-tll. These two genes do not function
as terminal gap genes in the anterior Tribolium blastoderm.
The AMR regulatory gene network
We sought to identify the upstream regulators of Tc-croc
expression by testing candidate genes. In Tc-six3 RNAi embryos,
Tc-croc expression was altered from early germ rudiment stages
onwards. Initially, the lateral anterior extensions of Tc-croc expres-
sion were lost (compare arrowheads in Fig. 7A, B and F, G). In
elongating embryos, the loss of AMR tissue became apparent
(asterisk in Fig. 7H) and Tc-croc expression was abnormally
shaped, with anterior aspects missing (compare Fig. 7C, H).
Eventually, a triangular median region in the anterior head was
lost including the labrum anlagen (compare dotted lines and
arrowheads in Fig. 7D, E and I, J). The remaining more posterior
parts of the head showed normal Tc-croc expression but the
relative position of the domains was altered secondarily as the
head lobes collapsed due to missing median tissue. In Tc-cnc RNAi
embryos, Tc-croc expression was almost unchanged apart from the
labral expression domains, which were deleted together with the
labrum anlagen (compare arrowheads in Fig. 3K, L). In Tc-scro
RNAi embryos, the posterior ring of Tc-croc expression was
reduced (compare arrows in Fig. 7D and K). We also tested genesthat frame Tc-croc expression. In Tc-tll RNAi embryos, the anterior
tips of Tc-croc expression expanded laterally (compare arrowheads
in Fig. 7D and L) but we found no effect on Tc-croc expression in
Tc-labial RNAi (not shown). In summary, anterior activation of Tc-
croc depended on Tc-six3 function while Tc-tll set the lateral
border in elongating germ band stages. Tc-scrow is required for
the maintenance of a posterior aspect of Tc-croc expression while
slight alterations in Tc-cnc RNAi might be indirectly due to loss of
the labrum anlagen.
Next, we tested putative Tc-cnc regulators. We found that the
labral aspects of Tc-cnc expression were completely missing in
Tc-six3 RNAi embryos from early stages onward (Fig. 7M–U). In
Tc-tll RNAi embryos, the Tc-cnc pattern was unchanged until late
stages, where the lateral aspects appeared to have a slightly
different shape. However, it is likely that this is secondary due
to aberrant head lobe morphology (not shown). The function of
Tc-cnc and Tc-croc in different regions of the AMR and their
largely non-overlapping expression made cross-regulation likely.
However, early expression of Tc-cnc was not altered in Tc-croc
RNAi embryos (not shown) whereas at later stages posterior
aspects were missing (Fig. 5I, J). The same is true for Tc-croc
expression in Tc-cnc RNAi embryos (see above). Hence, Tc-croc
and Tc-cnc do not appear to cross-regulate each other at early
stages. The genetic interactions are summarized in Fig. 8.Discussion
croc and cnc are conserved patterning genes of the AMR of insects
In Drosophila, anterior median patterning depends on croc and
cnc functions, which require input from the anterior and terminal
maternal systems and the terminal gap genes hkb and tll (Rogers
and Kaufman, 1996). Here, we investigated development and
regulation of the AMR in the typical short germ embryo Tribolium
in order to identify the regulatory changes accompanying the
evolution of Drosophila long germ development. We ﬁnd that
Tc-croc and Tc-cnc are required for the patterning of posterior and
anterior AMR, respectively. Regarding their conserved expression
in these insects, the hemipteran insect Oncopeltus fasciatus and
the millipede Glomeris marginata (Birkan et al., 2011; Economou
and Telford, 2009; Janssen et al., 2011), this appears to be a highly
conserved function.
Tc-hkb and Tc-tll do not function as terminal gap genes in the
anterior blastoderm
Tc-tll is not expressed at the anterior tip of the blastoderm
(Schro¨der et al., 2000) and is not required for AMR formation in
Tribolium. Likewise, in bee it is not expressed at the anterior pole
(Wilson and Dearden, 2009). This is in contrast to the posterior
pole of the blastoderm, where Tc-tll is expressed and we ﬁnd that
Tc-tll RNAi leads to posterior truncations. Hence, terminal Tc-tll
function in the posterior blastoderm is probably conserved while
its anterior terminal gap gene function has probably evolved in
the lineage leading to Drosophila. We showed that Tc-hkb is not a
terminal gap gene and is not required for AMR formation.
Considering these ﬁndings in the light of data from the moth
midge Clogmia albipunctata (Garcia-Solache et al., 2010) we
suggest that the role of hkb as terminal gap gene has likewise
evolved in the Drosophila lineage. Taken together, activation of
Tc-croc and Tc-cnc depends neither on the terminal gap gene
orthologs or bicoid, which is not present in Tribolium (Brown et al.,
2001), nor on Torso signaling (Schoppmeier and Schro¨der, 2005).
Rather, Tc-six3 acts upstream of Tc-cnc and anterior Tc-croc
expression in the AMR. We hypothesize that this is the ancestral
Fig. 7. Tc-six3 regulates early Tc-croc and Tc-cnc expression. (A-E) Tc-croc expression during development; (F–J) Tc-six3 RNAi embryos of corresponding stages. (F,G) Germ
rudiment embryos show a reduction of the anterior lateral part of the Tc-croc expression domain after Tc-six3 RNAi (compare arrowheads to A, B) while the median domain
is not affected. (H) In elongating embryos, loss of anterior median tissues leads to aberrant median separation of the head lobes (asterisk). The anterior aspect of Tc-croc
expression is deleted. (I,J) Anterior median tissues including labrum and stomodeum are lacking in older embryos (compare dotted lines to D, E). Anterior aspects of Tc-croc
expression are absent (arrowheads) while the posterior domains are present. (K) The Tc-croc domain is properly established in young Tc-scro RNAi embryos (not shown)
but its posterior domain is not maintained at elongating stages (compare arrow in K with D). (L) Tc-tll RNAi does not affect early Tc-croc expression (not shown) while
anterior aspects extend more laterally at elongating stages (compare arrowhead in L with D). (M–Q) Expression of Tc-cnc in untreated embryos. (R–U) Tc-six3 RNAi
treated animals at corresponding stages. (R, S) The labral expression of Tc-cnc is never established uponTc-six3 RNAi (compare arrowheads with N, O). (T) Labral Tc-cnc is
deleted along with the anterior median tissue loss. (U) The Tc-cnc domain surrounding the stomodeum is not deleted but is abnormal in shape due to the median tissue
loss (arrow).
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gene in bilaterians (Steinmetz et al., 2010) and is required for
proper formation of labral derivatives in Drosophila (Coifﬁer et al.,
2008). These might constitute remnant functional aspects of the
ancestral role of six3 in AMR patterning.
A model for the evolution of the head of a long germ embryo
Short germ embryogenesis and the ventral posterior location
of the head anlagen are thought to be ancestral (Sander, 1976).
Hence, the Drosophila mode of AMR development is likely to have
evolved from a Tribolium-like situation. One essential step was the
movement of the head anlagen towards the anterior pole of the
blastoderm at the expense of the extraembryonic tissues. Strik-
ingly, the knockdown of Tc-zen1 alone is able to realize large parts
of these two changes (van der Zee et al., 2005) suggesting that
these processes may be linked in a way that facilitates long germevolution. Probably due to the reduction of extraembryonic
tissues, zen was free to evolve the novel function as the anterior
maternal morphogens bicoid (Stauber et al., 1999, 2002). Once at
the anterior pole, the head anlagen were within the reach of both,
the terminal and anterior maternal systems, which were thus able
to replace six3 as upstream regulator. Apparently, tll and hkb
were co-opted as terminal gap genes in the lineage leading to
Drosophila, which allowed them to acquire a role in AMR forma-
tion. Speciﬁcally, we suggest that their role in Drosophila stomo-
deum formation (Murakami et al., 1999) is not ancestral. This
contention is based on the fact that we ﬁnd no evidence of a role
of hkb or tll in Tribolium stomodeum formation, while Drosophila
croc is required for the formation of the posterior wall of the
pharynx (Hacker et al., 1995). Hence, we propose that croc was
the ancestral regulator of fkh expression. However, this assump-
tion needs to be substantiated by way of further testing in other
insects.
Fig. 8. Genetic interactions during AMR formation. Thick lines represent early
interactions (embryos prior to limb formation), thin lines indicate later interac-
tions. Dashed lines indicate hypothetical effects. Tc-six3 is required for early
patterning of large parts of the AMR by activating Tc-cnc and anterior aspects of
Tc-croc. The posterior and median expression of the latter is activated by an as yet
unknown regulator ‘‘X’’. Tc-cnc and Tc-croc act on the next level of AMR patterning
where Tc-cnc is required for the proper expression of anterior markers and labrum
development while Tc-croc is required for the expression of posterior markers and
stomodeum development. Notably, Tc-hkb plays no role in AMR pattering while in
Drosophila it acts upstream of fkh in stomodeum development, among other
functions. Repression of cnc by collier (col) is based on (Schaeper et al., 2010).
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embryo head
Complex morphogenetic movements are required to transform
the essentially two dimensional Tribolium head anlagen into a
three dimensional head capsule (see Posnien et al., 2010 for a
detailed account of the bend and zipper model of head forma-
tion). Unexpectedly, a backfolding of anterior tissues is involved
in the formation of the AMR, leading to the posterior displace-
ment of initially anterior cells. Intriguingly, the concomitant
outward-pushing of lateral head tissues may deliver an explana-
tion for the formation of the characteristic head lobes of arthro-
pod embryos. Indeed, when large parts of the AMR are removed
by Tc-six3 RNAi, the head lobes are strongly reduced (compare
black arrow in Fig. 1K with L and (Posnien et al., 2011b)). In
contrast to what we ﬁnd in Tribolium, AMR fate in Drosophila is
already speciﬁed at a position between the cephalic neuroecto-
derm halves in the blastoderm (Hartenstein et al., 1985) render-
ing such morphogenetic movements unnecessary. The Tribolium
situation is predicted to better reﬂect the ancestral state, but this
needs to be tested in other insects and arthropods.Acknowledgments
We thank Ernst A. Wimmer for discussions and continuous
support, Peter Kitzmann and Claudia Hinners for technical assis-
tance and Nikola Prpic-Scha¨per for the Tc-spitz and Siegfried Roth for
the Tc-gremlin clone. This work was supported by the Deutsche
Forschungsgemeinschaft (DFG BU1443/2) and a Grant from the
Go¨ttingen Graduate School for Neurosciences, Biophysics, and
Molecular Biosciences(GGNB).Appendix A. Supporting information
Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.ydbio.2012.11.026.References
Beermann, A., Schroder, R., 2008. Sites of Fgf signalling and perception during
embryogenesis of the beetle Tribolium castaneum. Dev. Genes Evol. 218,
153–167.
Birkan, M., Schaeper, N.D., Chipman, A.D., 2011. Early patterning and blastodermal
fate map of the head in the milkweed bug Oncopeltus fasciatus. Evol. Dev. 13,
436–447.Bronner, G., Chu-LaGraff, Q., Doe, C.Q., Cohen, B., Weigel, D., Taubert, H., Jackle, H.,
1994. Sp1/egr-like zinc-ﬁnger protein required for endoderm speciﬁcation and
germ-layer formation in Drosophila. Nature 369, 664–668.
Brown, S., Fellers, J., Shippy, T., Denell, R., Stauber, M., Schmidt-Ott, U., 2001. A
strategy for mapping bicoid on the phylogenetic tree. Curr. Biol. 11, R43–44.
Brown, S.J., Patel, N.H., Denell, R.E., 1994. Embryonic expression of the single
Tribolium engrailed homolog. Dev. Genet. 15, 7–18.
Bucher, G., Klingler, M., 2005. Tribolium mae expression suggests roles in terminal
and midline patterning and in the speciﬁcation of mesoderm. Dev. Genes Evol.
215, 478–481.
Casanova, J., Struhl, G., 1989. Localized surface activity of torso, a receptor tyrosine
kinase, speciﬁes terminal body pattern in Drosophila. Genes Dev. 3,
2025–2038.
Coifﬁer, D., Charroux, B., Kerridge, S., 2008. Common functions of central and
posterior Hox genes for the repression of head in the trunk of Drosophila.
Development 135, 291–300.
Coulcher, J.F., Telford, M.J., 2012. Cap’n’collar differentiates the mandible from the
maxilla in the beetle Tribolium castaneum. Evol. Dev. 3, 25.
Crews, S.T., Thomas, J.B., Goodman, C.S., 1988. The Drosophila single-minded gene
encodes a nuclear protein with sequence similarity to the per gene product.
Cell 52, 143–151.
de Velasco, B., Erclik, T., Shy, D., Sclafani, J., Lipshitz, H., McInnes, R., Hartenstein, V.,
2007. Speciﬁcation and development of the pars intercerebralis and pars
lateralis, neuroendocrine command centers in the Drosophila brain. Dev. Biol.
302, 309–323.
Driever, W., 1993. Maternal control of anterior development in the Drosophila
embryo. In: Bate, M., Martinez Arias, A. (Eds.), The Development of Drosophila
melanogaster. Cold Spring Harbor Laboratory Press, NY, pp. 301–324.
Economou, A.D., Telford, M.J., 2009. Comparative gene expression in the heads of
Drosophila melanogaster and Tribolium castaneum and the segmental afﬁnity of
the Drosophila hypopharyngeal lobes. Evol. Dev. 11, 88–96.
Farzana, L., Brown, S.J., 2008. Hedgehog signaling pathway function conserved in
Tribolium segmentation. Dev. Genes Evol. 218, 181–192.
Fu, J., Posnien, N., Bolognesi, R., Fischer, T.D., Rayl, P., Oberhofer, G., Kitzmann, P.,
Brown, S.J., Bucher, G., 2012. Asymmetrically expressed axin required for
anterior development in Tribolium. Proc. Natl. Acad. Sci. USA 109, 7782–7786.
Garcia-Solache, M., Jaeger, J., Akam, M., 2010. A systematic analysis of the gap gene
system in the moth midge Clogmia albipunctata. Dev. Biol. 344, 306–318.
Gould, S.J., 1977. Ontogeny and Phylogeny. Harvard University Press, Harvard.
Hacker, U., Grossniklaus, U., Gehring, W.J., Jackle, H., 1992. Developmentally
regulated Drosophila gene family encoding the fork head domain. Proc. Natl.
Acad. Sci. USA 89, 8754–8758.
Hacker, U., Kaufmann, E., Hartmann, C., Jurgens, G., Knochel, W., Jackle, H., 1995.
The Drosophila fork head domain protein crocodile is required for the
establishment of head structures. Embo. J. 14, 5306–5317.
Hartenstein, V., Technau, G.M., Campos-Ortega, J.A., 1985. Fate-mapping in wild-
type Drosophila melanogaster III. A fate map of the blastoderm. Roux Arch. Dev.
Biol. 194, 213–216.
Hendzel, M.J., Wei, Y., Mancini, M.A., Van Hooser, A., Ranalli, T., Brinkley, B.R.,
Bazett-Jones, D.P., Allis, C.D., 1997. Mitosis-speciﬁc phosphorylation of histone
H3 initiates primarily within pericentromeric heterochromatin during G2 and
spreads in an ordered fashion coincident with mitotic chromosome condensa-
tion. Chromosoma 106, 348–360.
Janssen, R., Budd, G.E., Damen, W.G., 2011. Gene expression suggests conserved
mechanisms patterning the heads of insects and myriapods. Dev. Biol. 357, 64–72.
Ju¨rgens, G., Weigel, D., 1988. Terminal versus segmental develpment in the
Drosophila embryo: The role of the homeotic gene fork head. Roux Arch. Dev.
Biol. 197, 345–354.
McGinnis, N., Ragnhildstveit, E., Veraksa, A., McGinnis, W., 1998. A cap ’n’ collar
protein isoform contains a selective Hox repressor function. Development 125,
4553–4564.
Mohler, J., 1993. Genetic reglation of CNC expression in the pharyngeal primordia
of Droosophila blastoderm embryos. Roux Arch. Dev. Biol. 202, 214–223.
Mohler, J., Mahaffey, J.W., Deutsch, E., Vani, K., 1995. Control of Drosophila head
segment identity by the bZIP homeotic gene cnc. Development 121, 237–247.
Murakami, R., Takashima, S., Hamaguchi, T., 1999. Developmental genetics of the
Drosophila gut: speciﬁcation of primordia, subdivision and overt-differentiation.
Cell. Mol. Biol. (Noisy-le-grand) 45, 661–676.
Nambu, J.R., Franks, R.G., Hu, S., Crews, S.T., 1990. The single-minded gene of
Drosophila is required for the expression of genes important for the develop-
ment of CNS midline cells. Cell 63, 63–75.
Nie, W., Stronach, B., Panganiban, G., Shippy, T., Brown, S., Denell, R., 2001.
Molecular characterization of Tclabial and the 3’ end of the Tribolium
homeotic complex. Dev. Genes Evol. 211, 244–251.
Posnien, N., Bashasab, F., Bucher, G., 2009. The insect upper lip (labrum) is a
nonsegmental appendage-like structure. Evol. Dev. 11, 479–487.
Posnien, N., Bucher, G., 2010. Formation of the insect head involves lateral
contribution of the intercalary segment, which depends on Tc-labial function.
Dev. Biol. 338, 107–116.
Posnien, N., Koniszewski, N., Bucher, G., 2011a. Insect Tc-six4 marks a unit with
similarity to vertebrate placodes. Dev. Biol. 350, 208–216.
Posnien, N., Koniszewski, N.D.B., Hein, H., Bucher, G., 2011b. Candidate gene screen
in the red ﬂour beetle Tribolium reveals six3 as ancient regulator of anterior
median head and central complex development. Plos Genet 7.
S. Kittelmann et al. / Developmental Biology 374 (2013) 174–184184Posnien, N., Schinko, J.B., Kittelmann, S., Bucher, G., 2010. Genetics, Development
and Composition of the Insect Head—A Beetle’s View. Arthropod Struct. Dev.
39, 399–410.
Raff, R.A., 1996. The shape of life: Genes, Development and the Evolution of Animal
Form. Univ. Chicago Press, Chicago, IL.
Rogers, B.T., Kaufman, T.C., 1996. Structure of the insect head as revealed by the
EN protein pattern in developing embryos. Development 122, 3419–3432.
Rogers, B.T., Kaufman, T.C., 1997. Structure of the insect head in ontogeny and
phylogeny: a view from Drosophila. Int. Rev. Cytol. 174, 1–84.
Rosenblatt, J., Raff, M.C., Cramer, L.P., 2001. An epithelial cell destined for
apoptosis signals its neighbors to extrude it by an actin- and myosin-
dependent mechanism. Curr. Biol. 11, 1847–1857.
Roth, S., 2004. Gastrulation in other insects. In: Stern, C.D. (Ed.), Gastrulation:
From cells to Embryo. Cold Spring Harbor Laboratory Press, New York,
pp. 105–121.
Sander, K., 1976. Speciﬁcation of the basic body pattern in insect embryogenesis.
In: Treherne, J.E., Berridge, M.J., Wigglesworth, V.B. (Eds.), Advances in Insect
Physiology. Academic Press, Cambridge, pp. 125–238.
Schaeper, N.D., Pechmann, M., Damen, W.G., Prpic, N.M., Wimmer, E.A., 2010.
Evolutionary plasticity of collier function in head development of diverse
arthropods. Dev. Biol. 344, 363–376.
Schinko, J.B., Kreuzer, N., Offen, N., Posnien, N., Wimmer, E.A., Bucher, G., 2008.
Divergent functions of orthodenticle, empty spiracles and buttonhead in early
head patterning of the beetle Tribolium castaneum (Coleoptera). Dev. Biol. 317,
600–613.
Schoppmeier, M., Fischer, S., Schmitt-Engel, C., Lo¨hr, U., Klingler, M., 2009. An
ancient anterior patterning system promotes caudal repression and head
formation in ecdysozoa. Curr. Biol. 19, 1811–1815.
Schoppmeier, M., Schro¨der, R., 2005. Maternal torso signaling controls body axis
elongation in a short germ insect. Curr. Biol. 15, 2131–2136.
Schro¨der, R., Eckert, C., Wolff, C., Tautz, D., 2000. Conserved and divergent aspects
of terminal patterning in the beetle Tribolium castaneum. Proc. Natl. Acad. Sci.
USA 97, 6591–6596.Seimiya, M., Gehring, W.J., 2000. The Drosophila homeobox gene optix is capable
of inducing ectopic eyes by an eyeless-independent mechanism. Development
127, 1879–1886.
Stauber, M., Jackle, H., Schmidt-Ott, U., 1999. The anterior determinant bicoid of
Drosophila is a derived Hox class 3 gene. Proc. Natl. Acad. Sci. USA 96, 3786–3789.
Stauber, M., Prell, A., Schmidt-Ott, U., 2002. A single Hox3 gene with composite
bicoid and zerknullt expression characteristics in non-Cyclorrhaphan ﬂies.
Proc. Natl. Acad. Sci. USA 99, 274–279.
Steinmetz, P.R., Urbach, R., Posnien, N., Eriksson, J., Kostyuchenko, R.P., Brena, C.,
Guy, K., Akam, M., Bucher, G., Arendt, D., 2010. Six3 demarcates the anterior-
most developing brain region in bilaterian animals. Evol. Dev. 1, 14.
Strecker, T.R., Kongsuwan, K., Lengyel, J.A., Merriam, J.R., 1986. The zygotic mutant
tailless affects the anterior and posterior ectodermal regions of the Drosophila
embryo. Dev. Biol. 113, 64–76.
van der Zee, M., Berns, N., Roth, S., 2005. Distinct functions of the Tribolium zerknullt
genes in serosa speciﬁcation and dorsal closure. Curr. Biol. 15, 624–636.
Walter, T., Shattuck, D.W., Baldock, R., Bastin, M.E., Carpenter, A.E., Duce, S.,
Ellenberg, J., Fraser, A., Hamilton, N., Pieper, S., Ragan, M.A., Schneider, J.E.,
Tomancak, P., Heriche, J.K., 2010. Visualization of image data from cells to
organisms. Nat. Methods 7, S26–41.
Weigel, D., Jurgens, G., Klingler, M., Jackle, H., 1990. Two gap genes mediate
maternal terminal pattern information in Drosophila. Science 248, 495–498.
Weigel, D., Jurgens, G., Kuttner, F., Seifert, E., Jackle, H., 1989. The homeotic gene
fork head encodes a nuclear protein and is expressed in the terminal regions of
the Drosophila embryo. Cell 57, 645–658.
Wheeler, S.R., Carrico, M.L., Wilson, B.A., Brown, S.J., Skeath, J.B., 2003. The
expression and function of the achaete-scute genes in Tribolium castaneum
reveals conservation and variation in neural pattern formation and cell fate
speciﬁcation. Development 130, 4373–4381.
Wheeler, S.R., Carrico, M.L., Wilson, B.A., Skeath, J.B., 2005. The Tribolium
columnar genes reveal conservation and plasticity in neural precursor pat-
terning along the embryonic dorsal–ventral axis. Dev. Biol. 279, 491–500.
Wilson, M.J., Dearden, P.K., 2009. Tailless patterning functions are conserved in the
honeybee even in the absence of Torso signaling. Dev. Biol. 335, 276–287.
